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Tuberculosis continues to be a major health problem worldwide, and it is estimated that one-third of the earth's population is infected with Mycobacterium tuberculosis (6) . It is thought that the majority of people who become infected clear the bacilli before a productive infection is established. In some people, however, the immune response is inefficient at killing the bacteria, thereby resulting in the survival of a small number of bacteria within lung granulomas. Existing in a latent state, the bacilli give rise to a subclinical, chronic infection which can reactivate when the host faces immunosuppressive events such as human immunodeficiency virus infection or aging (6) .
Acquired immunity to M. tuberculosis is cell mediated such that T cells producing gamma interferon (IFN-␥) activate bactericidal mechanisms of infected macrophages to kill or, at least in some cases, to contain mycobacterial growth (4, 5, 9, 30) . The accumulation of monocytes and lymphocytes from the blood around the infectious focus results in the formation of granulomas (3, 28, 30) , in which M. tuberculosis-infected macrophages secrete inflammatory cytokines (interleukin-1 [IL-1], IL-6, IL-12, and tumor necrosis factor alpha [TNF-␣]) and chemokines such as macrophage chemoattractant protein 1 (MCP-1) (10, 11, 40) . Extensive interstitial fibrosis associated with granulomas consisting mainly of epithelioid and foamy macrophages and lymphocytes is evident during the course of infection (37) .
Enzymes of the matrix metalloproteinase (MMP) family play a significant role in many biological activities including many aspects of the immune response such as granuloma formation (17, 32) . In general, MMPs are endopeptidases responsible for degrading components of the extracellular matrix (ECM) such as collagen and proteoglycans, and as potent chemokine antagonists, they play an important role in leukocyte migration and tissue remodeling. Of interest in inflammatory models are MMP-2 (gelatinase A) and MMP-9 (gelatinase B), which degrade type IV collagen, a major component of the basement membrane within the lung (31, 44) . MMPs are tightly regulated at the posttranslational level by proteolytic activation and interaction with specific inhibitors called tissue inhibitors of metalloproteinases (45) . Cytokines control MMP production through positive or negative regulatory elements at the gene level (45) , as well as influence the production of certain proteolytic enzymes that activate or inhibit MMPs (12, 38) . Thus, in a cytokine-rich environment such as that established during infection with M. tuberculosis, it may be anticipated that cytokines control MMP regulation and activity.
A strong connection between the immune response and MMP activity has recently emerged, and MMPs have been shown to mediate the expression of immunity to infectious pathogens (21, 43) , as well as the inflammatory process in general (24, 29, 33, 46) . Several studies have shown that MMPs, in particular MMP-9, are expressed during the various manifestations of tuberculosis, including active cavitary tuberculosis (2, 16, 35) , meningitis (20, 22, 34, 41) , and pleuritis (15, 16, 18) . Thus, there are emerging data to suggest a strong role for MMP activity with the various pathological states associated with tuberculosis. The ECM plays an important role in the structure and composition of the granuloma in terms of leukocyte trafficking to and from this dynamic environment and may contribute to the relative location of leukocyte subpopulations (13, 37) .
Mice infected via the pulmonary route with M. tuberculosis have been grouped into susceptible and resistant strains based on their survival (26) , which correlates with differences in leukocyte recruitment, granuloma structure, cytokine production, and adhesion molecule expression (42) . Recently, it has been shown that in response to M. tuberculosis infection in vitro, macrophages from a resistant mouse strain (C57BL/6) produced significantly higher levels of MMP-9 mRNA than did macrophages from a susceptible mouse strain (CBA/J) (19) . In this study, we set out to determine if MMP protein expression in vivo correlated with resistance to pulmonary infection with M. tuberculosis. Results of this investigation showed that early dissemination of M. tuberculosis bacilli was reduced when MMPs were blocked with a broad-spectrum MMP inhibitor and that this dissemination was associated with the induction of Th1-type immunity and protection in the resistant C57BL/6 mouse strain compared to the susceptible CBA/J strain. The amount of active MMP-9, specifically, was greater in the resistant C57BL/6 mice than in the susceptible CBA/J mice, and while this particular MMP enzyme does not seem to be involved in facilitating early dissemination of the bacilli, data from MMP-9-knockout mice showed that MMP-9 was essential for recruitment of macrophages to the lungs, as well as for tissue remodeling that facilitated the development of well-formed granulomas.
MATERIALS AND METHODS
Mice. Specific-pathogen-free female, 6-to 8-week-old, CBA/J and C57BL/6 mice were purchased from Taconic (Germantown, NY), and wild-type FVB mice and MMP-9 null (MMP-9KO) breeder mice were purchased from Jackson Laboratory (Bar Harbor, ME). The MMP-9KO breeders were maintained as a colony at Colorado State University. All mice were maintained under barrier conditions with sterile mouse chow and water ad libitum. The specific-pathogenfree nature of the mouse colonies was demonstrated by testing sentinel animals, which were shown to be negative for 12 known mouse pathogens. All experimental procedures were approved by the Colorado State University Animal Care and Use Committee.
Infection with M. tuberculosis. Mycobacterium tuberculosis strain H37Rv, obtained from the Trudeau Mycobacterial Culture Collection, was passaged three times through pellicle and then stored frozen as a seed stock. Working stocks were made by passage through liquid culture of Proskauer-Beck medium containing 0.01% Tween 80, and aliquots of the organism in mid-log-phase growth were stored at Ϫ80°C until needed. Mice were infected using procedures described previously (4) . Briefly, bacterial stocks were diluted in 5 ml of sterile distilled water to 2 ϫ 10 6 CFU/ml and placed in a nebulizer attached to an airborne infection system (Glass-Col, Terre Haute, IN). Mice were exposed to 40 min of aerosol, during which approximately 50 to 100 bacteria were deposited in the lungs of each animal. For the experiments in which mice were treated with BB-94 (also known as Batimastat), mice were infected with 500 CFU intratracheally (17) . Bacterial load was determined by plating whole-organ homogenates onto nutrient 7H11 agar supplemented with oleic acid-albumin-dextrose-catalase. Colonies were enumerated after a 21-day incubation at 37°C.
Inhibition of MMP activity. BB-94 (Batimastat), a broad-spectrum inhibitor of MMP activity (17, 27 ) (see the supplemental material), was provided by British Biotech Pharmaceuticals Limited (Oxford, United Kingdom) and prepared for injection according to the manufacturer's instructions. BB-94-treated mice were injected intraperitoneally with 0.2 ml of 20 mg of BB-94 per kg of body weight at the time of intratracheal infection with 500 CFU of M. tuberculosis and daily for the duration of the experiment.
Measurement of MMPs. The concentration of active MMP-9 was measured in lung homogenate supernatants using an MMP-9 Biotrak Activity Assay System (Biotrak Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions. Briefly, standards and samples were incubated in microtiter wells coated with anti-MMP-9 antibody. Any MMP-9 present remained bound to the precoated wells during subsequent washing and aspiration. MMP activity was detected through activation of the modified prodetection enzyme and the subsequent cleavage of its chromogenic peptide substrate. The resulting color was read at 405 nm on a spectrophotometer.
Lung cell digestion. Mice were euthanized by CO 2 asphyxiation, and the pulmonary cavity was opened. The lungs were cleared of blood by perfusion through the pulmonary artery with 10 ml of cold phosphate-buffered saline containing 50 U/ml heparin (Sigma-Aldrich, St. Louis, MO). The lungs were removed from the thoracic cavity, teased apart, and treated with a solution of DNase IV (Sigma-Aldrich; 30 g/ml) and collagenase D (Roche, Nutley, NJ; 0.7 mg/ml) for 30 min at 37°C. To obtain a single-cell suspension, the lungs were passed through cell strainers (BD Biosciences, Mountain View, CA). Remaining red blood cells were then lysed with Gey's solution (0.15 M NH 4 Cl and 10 mM KHCo 3 ), and the cells were washed with RPMI (Invitrogen, Carlsbad, CA) containing 5% heat-inactivated fetal bovine serum (Atlas Biologicals, Fort Collins, CO). Total viable cell numbers were determined using a Neubauer chamber (IMV International, Minneapolis, MN) and 2% trypan blue solution.
Flow cytometric analysis. Single-cell lung suspensions were stained with fluorescently labeled, monoclonal antibodies against CD3 and CD4 surface markers on T lymphocytes and CD11b, CD11c, and Gr-1 on macrophages. Antibodies were purchased from BD PharMingen (San Diego, CA) unless otherwise stated and were used at 25 g/ml. Cells were gated on lymphocytes or macrophages by forward and side scatter according to their characteristic scatter profile. Individual cell populations were identified according to the presence of specific fluorescence-labeled antibody, all analyses were performed with an acquisition of at least 30,000 events on a Becton Dickinson FACSCalibur flow cytometer (BD Biosciences), and the data were analyzed using Cell Quest software (BD Biosciences, San Jose, CA).
Cytometric bead array. A Cytometric Bead Array Mouse Inflammation kit (BD Biosciences, San Jose, CA) was used to measure TNF-␣, IFN-␥, and MCP-1 in the lung homogenate supernatants. The assay procedure was performed according to kit instructions, and the beads were analyzed on a FACSCalibur flow cytometer (BD Biosciences).
Immunohistochemistry. Whole lungs from euthanized C57BL/6 and CBA/J mice were inflated with 10% formalin. The tissues were then paraffin embedded and sectioned. Following dewaxing, endogenous peroxidase was inhibited by incubation in 3% H 2 O 2 . Nonspecific staining was blocked with DAKO Protein Block Serum-Free (DakoCytomation, Carpinteria, CA). The cells containing cytokeratin were immunohistochemically stained with a polyclonal rabbit anticow cytokeratin antibody for wide-spectrum screening (DakoCytomation). A pretreatment of proteinase K (DakoCytomation) was utilized prior to antibody incubation. After incubation with primary antibody, the tissue sections were sequentially incubated with Dako Envision ϩ Rabbit System Labeled Polymer and horseradish peroxidase (DakoCytomation). Staining was developed with Liquid DAB ϩ (DakoCytomation), and cells were counterstained with hematoxylin. The antibody specifically stained epidermal keratin subunits of 58, 56, and 52 kDa; less abundant subunits of 60, 51, and 48 kDa were also found. For macrophage staining, anti-F4/80 antibody was used.
Histological analysis. Whole lungs from euthanized FVB and MMP-9KO mice (n ϭ 3) were inflated with 10% formalin and embedded in paraffin, and five 4-m serial sections were cut. Sections 1 and 5 were then stained with hematoxylin and eosin and examined by a veterinary pathologist with no prior knowledge of the experimental design.
Statistical analysis. Statistical significance was determined with the two-tailed Student t test assuming unequal variances.
RESULTS
Early extrapulmonary dissemination of M. tuberculosis varies between resistant and susceptible mouse strains. To determine if early dissemination and subsequent growth of the bacilli are associated with resistance or susceptibility to tuberculosis infection, CBA/J and C57BL/6 mice were examined for a period of 120 days of infection with a low-dose aerosol of 100 CFU of M. tuberculosis H37Rv. At days 14, 28, 40, 80, and 120, mice were sacrificed and their lungs, spleens, livers, peripheral blood, and lung-associated lymph nodes (LALN) were harvested to determine the number of viable organisms in each organ. The data in Fig. 1 show that dissemination of M. tuberculosis occurred earlier in the resistant C57BL/6 strain, as was evident from an increased number of bacilli in the spleen, liver, and blood at day 14 after infection, while there was no difference between the two strains of mice in CFU counts in the lungs and LALN (data not shown) early during the infection. Our data support previous studies using C3H (susceptible) and C57BL/6 mice which showed earlier dissemination in the resistant strain of mice (1) . As expected, the bacterial burden in the lungs, spleen, and LALN was higher during the chronic infection in the CBA/J mice, which confirmed previous reports that CBA/J mice are susceptible to M. tuberculosis infection (26, 42) .
Inhibition of MMP activity reduces early dissemination of M. tuberculosis in resistant mice. To determine if MMPs play a causative role in facilitating early dissemination of bacilli to extrapulmonary sites in the resistant strain, C57BL/6 mice were infected via the pulmonary route with approximately 500 CFU of M. tuberculosis H37Rv and immediately treated with an inhibitor of MMP activity, BB-94. As shown in Fig. 2 , dissemination of viable bacilli to the blood was greater in mice that received the vehicle control than in mice that received the MMP inhibitor, suggesting a role for MMPs in the hematogenous dissemination of M. tuberculosis. While there were statistically significant differences between the groups in CFU counts during the early phase of infection at day 14 in the spleen and blood, there was no effect on the growth of M. tuberculosis later during infection in the lungs of BB-94-treated mice compared to the carrier-treated mice.
FIG. 1. Early dissemination of M. tuberculosis
following aerosol infection of C57BL/6 and CBA/J mice. Bacterial counts in the spleen, blood, and liver were higher at day 14 in the C57BL/6 mice than in the CBA/J mice but not in the lung or lung-associated lymph nodes (data not shown). As the infection progressed, the number of bacteria in the lungs and spleen increased in the susceptible CBA/J strain. Circles, CBA/J mice; squares, C57BL/6 mice. Data are expressed as the mean (n ϭ 5 mice) Ϯ standard deviation. P values were calculated using Student's t test comparing C57BL/6 and CBA/J mice at each time point; * , P Ͻ 0.05, and ** , P Ͻ 0.01. (Fig. 3A and B) , and the chemokine MCP-1 (Fig. 3C) were significantly elevated in the C57BL/6 mice but not in the CBA/J mice. In the infected C57BL/6 mice, IFN-␥ and TNF-␣ production peaked at day 28 and appeared to level off during the chronic stage of infection. To determine if the cytokine differences between strains were due to differences in recruitment of T cells, lung leukocytes were also analyzed for CD3 and CD4 markers by flow cytometry, and there was no difference in the total number of CD4 T cells between the two mouse strains (data not shown).
MMP-9 activity is elevated in M. tuberculosis-resistant mice. We next set out to determine if MMP-9 activity in the lungs differed between strains of mice after M. tuberculosis infection. Supernatants from lung homogenates harvested at days 14, 28, 40, 80, and 120 from C57BL/6 and CBA/J mice after pulmonary infection were analyzed for active MMP-9 protein. The overall trend showed that the concentration of active MMP-9 was consistently greater in the lungs of infected C57BL/6 mice than in the CBA/J mice, with peak production of MMP-9 at day 28 of infection (P Ͻ 0.05) in the resistant strain (Fig. 4) . We did not test levels of MMP-9 in extrapulmonary organs because our previous studies showed that MMP activity was greatest in the lungs compared to the spleen in C57BL/6 mice (data not shown). Although the concentration of MMP-9 in the lungs of CBA/J mice began to increase from day 1 to day 14 of infection, this increase was not sustained over time. Furthermore, although C57BL/6 mice had either the same number of or fewer organisms in the lung than did the CBA/J mice, the concentration of MMP-9 was greater in the C57BL/6 mice, indicating that MMP concentrations were independent of bacillus numbers.
Bacterial load in FVB and MMP-9KO mouse strains. To determine how MMP-9 might be involved during pulmonary infection with M. tuberculosis, mice lacking MMP-9 and wildtype FVB mice were examined for a period of 120 days of infection with a low-dose aerosol of 100 CFU of M. tuberculosis H37Rv. At days 14, 28, 60, 90, and 120, mice were sacrificed and their lungs, spleens, lymph nodes, and livers were harvested to determine the number of viable organisms in each organ. The data in Fig. 5 show that the bacterial load in the lungs of the MMP-9KO mice was significantly lower than that in the lungs of the wild-type FVB mice at each time point after day 14 of infection (P Ͻ 0.05). There was no difference in bacterial load between the two mouse strains in the spleen, lymph nodes, and liver (data not shown).
Increased MMP-9 activity is associated with pulmonary granuloma structure and organization. Given the difference in MMP-9 activity in the lungs between the resistant and suscep- tible mouse strains and the role that this enzyme plays in tissue remodeling, we next wished to determine if this difference also resulted in changes in lung architecture and granuloma structure. Lung sections from C57BL/6 and CBA/J mice were stained to assess the general integrity of the alveolar septa within lesions at day 28 of infection, the time of greatest difference in MMP-9 activity between strains. Serial lung sections were stained with an antibody against cytokeratin to delineate defined parenchymal structures within lesions. C57BL/6 mice showed sparse cytokeratin staining within the tightly formed granulomatous lesions (Fig. 6A) , with a loss in alveolar septal wall integrity compared to the CBA/J mice, in which cytokeratin staining was more visible throughout the loosely associated granuloma (Fig. 6B) . To assess organization of macrophages within the granuloma, lung sections were taken from C57BL/6 and CBA/J mice at day 40 of infection and stained with macrophage marker F4/80 antibody. Lung granulomas in the resistant mouse strain were well organized with macrophages staining positively for F4/80 forming a discrete border (Fig.  6C ). The granuloma structure in the susceptible mouse strain, however, appeared disorganized with sparse, random foci of macrophages (Fig. 6D ). In summary, C57BL/6 mice, with sig- The leading edge of the lesion (panel E, arrow) is composed predominately of lymphocytes that are shown at higher magnification in panel F (arrow). The perilesional parenchyma is attenuated such that alveolar septal walls and alveolar spaces are ill defined. The total magnification of panels A and D is ϫ89, of panels B and E is ϫ178, and of panels C and F is ϫ356. nificantly greater concentrations of MMP-9, underwent a loss of alveolar integrity but had well-organized granulomas. CBA/J mice, on the other hand, which had less MMP activity, had better alveolar wall integrity but poor granuloma organization and fewer macrophages. MMP-9 is required for cellular migration within the granuloma. Lung sections from MMP-9KO and FVB mice were examined at day 60 of infection to determine if MMP-9 plays a causative role in granuloma formation. The most striking feature observed throughout the lungs of the MMP-9KO mice was the visible lack of well-formed granulomas (Fig. 7A to C) . Instead, in areas of cellular accumulation, the alveolar septa were visibly thickened with the appearance of cells being stuck within the alveolar septa, similar to what was observed in the lungs of the susceptible CBA/J strain of mice. Additionally, cells that were predominantly lymphocytes accumulated around perivascular regions rather than migrating into the lesions. In contrast, the lungs of FVB mice at the same time point consisted of tight, wellformed granulomas with the absence of visible septa ( Fig.  7D and E) .
Macrophage recruitment and migration are dependent on MMP-9. Given the decreased number of bacilli in the lungs of the MMP-9KO mice compared to the wild-type FVB mice, single-cell suspensions from the lung were also examined to determine if these two mouse strains differ in their abilities to recruit macrophages and T cells to the lungs. Over the course of M. tuberculosis infection, the total number CD11b-positive of macrophages staining negatively for CD11c and Gr-1 markers was significantly reduced in the MMP-9KO (P Ͻ 0.01) mice compared to the wild-type FVB mice at days 28, 40, and 90 (Fig. 8A) , while there was no difference in the number of CD4 T cells in the lungs between the two groups of mice (Fig. 8B) . In addition, lung homogenates were analyzed for the presence of inflammatory cytokines and chemokines. While there were no differences in levels of TNF-␣ and IFN-␥ produced between the two strains (data not shown), the MMP-9KO mice produced significantly less MCP-1 (P Ͻ 0.001) at days 40 and 90 (Fig. 8C ).
DISCUSSION
It has been shown previously that mouse strains can be categorized based on their susceptibility to M. tuberculosis (25, 26) , which was characterized by differences in survival, recruitment, and localization of T lymphocytes, granuloma formation, cytokine production, and expression of adhesion and memory molecules (14, 42) . MMPs play a significant role in the pathology of many diseases, and recent studies have shown that MMPs are induced by mycobacterial infection (2, 22, 34, 36, 39) . In the present study, we wished to characterize the expression of MMPs during M. tuberculosis infection in a resistant (C57BL/6) and a susceptible (CBA/J) strain of mice to determine whether the expression of pulmonary MMP activity was related to resistance. The data presented here indicate that early expression of MMPs was associated with resistance to pulmonary M. tuberculosis infection and early dissemination of the bacilli leading to the subsequent induction of Th1-type immunity and efficient granuloma formation in the lungs. While MMP-9, specifically, was not involved in facilitating early dissemination of the bacilli, data from MMP-9-knockout mice showed that MMP-9 was required for recruitment of macrophages to the lungs and for tissue remodeling making way for the development of well-organized granulomas.
We have previously established that MMPs are involved in dissemination of tubercle bacilli to the blood and in the development of pulmonary granulomas (17) . In the current study, we show that M. tuberculosis bacilli disseminated significantly more rapidly to the blood, spleen, and liver in the resistant C57BL/6 mouse strain than in the susceptible CBA/J mouse strain (Fig. 1) , suggesting that early dissemination of the bacilli may be necessary in resistance against the disease. When MMPs were blocked in the resistant mouse strain with a broadrange MMP inhibitor (BB-94), early dissemination of the bacilli was also blocked, suggesting that these enzymes are involved in degrading the lung ECM such that bacteria can escape into the blood and disseminate to extrapulmonary organs (Fig. 2) . Interestingly, the decreased bacterial load of M. tuberculosis in the liver was lower than that in the spleen and may be related to the immune response; however, studies to determine this go beyond the scope of this paper. These combined results suggest that early dissemination of the bacilli is associated with resistance and that MMPs play a role in facilitating this dissemination as early as day 14 of infection.
Increased MMP activity in the resistant strain of mice (Fig.  4 ) was also associated with the induction of a Th1-type immune response with elevated levels of IFN-␥, TNF-␣, and MCP-1 (Fig. 3) . These data, together with the dissemination data, suggest that an early increase in MMP activity in the lungs is necessary for early dissemination of the bacilli to secondary lymphoid organs where protective immunity can be generated. A correlation between early dissemination of M. tuberculosis and resistance has been shown previously in C57BL/6 mice compared to C3H mice (1) . Flow cytometric analysis of the T lymphocytes present in the lungs of resistant versus susceptible mice showed that the number of CD4 T cells was increased upon infection with M. tuberculosis in both strains of mice, and there was no difference in the number of CD4 T cells between the two strains (data not shown). Thus, given that the CBA/J mice produced little MMP-9, this would indicate that CD4 T cells can migrate into the lungs in an MMP-independent manner and that the cytokine environment may determine MMP production. The CD4 T cells in the lungs of the CBA/J mice, however, were not of the IFN-␥-secreting phenotype since levels of IFN-␥ were not elevated in this mouse strain compared to the resistant strain. These combined data, therefore, indicate that the inability of the CBA/J mice to produce active MMP-9 during infection precluded adequate production of protective cytokines such as IFN-␥ and TNF-␣, consequently rendering the strain incapable of forming tight, well-formed granulomas.
Having established that MMPs facilitate early dissemination of M. tuberculosis to extraulmonary sites where protective immunity can be generated, we next wished to determine if MMP-9 specifically might be involved in facilitating early dissemination of the bacilli out of the lungs. Figure 4 shows that the resistant C57BL/6 mouse strain produced increased levels of active MMP-9 compared to the susceptible CBA/J mouse strain, suggesting that this enzyme may be a component associated with resistance to M. tuberculosis. However, this increased level of MMP-9 was not evident until day 28 of infection, therefore indicating that MMP-9 is not responsible for the early dissemination of M. tuberculosis observed in the resistant strain. Assessment of the bacterial load in extrapulmonary organs at day 14 confirmed that MMP-9 is not involved in early dissemination of the bacilli since no differences in CFU in the spleen, LALN, or liver were observed between the MMP-9KO mice and the FVB wild-type mice (data not shown).
While MMP-9, specifically, does not appear to be involved in facilitating early dissemination of the M. tuberculosis bacilli, the data presented here suggest that this degradative enzyme plays a causative role in granuloma development. As shown in Fig. 7A to C, in the absence of MMP-9 cells appeared trapped in visibly condensed alveolar septa at day 60 of infection, a phenomenon observed by other investigators using MMP-2KO (7) and MMP-9KO (23) mice in allergen challenge models. In addition, lymphocytes accumulated around the perivascular region, suggesting that they were unable to migrate into and around the granuloma. In contrast, visible septa were absent in the FVB wild-type lung, and granulomas were well formed as in Fig. 7D and E. Interestingly, similar to lung sections from the MMP-9KO mice, the susceptible CBA/J mouse strain also exhibited visibly thickened alveolar septa within loosely associated cellular accumulations at day 28 of infection, whereas granuloma formation in resistant C57BL/6 mice was marked by a decrease in alveolar septal wall integrity (Fig. 6A and 6B ). As granuloma formation progressed to day 40, it was evident that the susceptible strain of mouse was unable to form well-organized granulomas compared to the resistant strain, which formed tight granulomas ( Fig. 6C and 6D) . The failure by the susceptible mouse strain to form tight, well-organized granulomas may be the result of an inability to remodel tissue sufficiently, due to reduced MMP-9 activity. In fact, when MMP-9 was absent, macrophage recruitment into the lungs was significantly reduced compared to that observed in the FVB wildtype lungs (Fig. 8A) , and there were fewer F4/80-positive cells within the lung lesions of the knockout strain (data not shown). With fewer host cells present in which to multiply, the reduced number of macrophages in the lungs of the MMP-9KO mice may have accounted for the decreased bacterial load in the mice lacking MMP-9 compared to the FVB wild-type strain (Fig. 5) . Interestingly, although there were fewer macrophages in the lungs of the MMP-9KO mice, there were similar levels of TNF-␣ and IFN-␥ in the lungs between the FVB wild-type and the knockout mice (data not shown), indicating that the reduced CFU numbers in the knockout strain were not the result of reduced production of these two cytokines. The knockout mice, however, produced significantly less MCP-1 (Fig. 8C) , and they recruited fewer macrophages to the lungs (Fig. 8A) , suggesting that MMP-9 may play a role with MCP-1 in recruiting macrophages to the lungs during granuloma development. In addition, it seems likely that macrophage-derived MCP-1, previously shown to strongly recruit monocytes and Th1-type lymphocytes in response to products of M. tuberculosis (8) , played a role in facilitating cellular organization within the granuloma since this chemokine was up regulated in the resistant C57BL/6 mice compared to the susceptible CBA mice (Fig. 3C ). Based on these data together with the histologic findings, it is probable that the inability of the susceptible strain to form tight granulomas was based on a lack of MMP-9 activity in the lungs and therefore a lack of tissue remodeling and cellular recruitment that must occur in order for protective granulomas to form.
In summary, the data presented here indicate that expression of active MMP-9 is greater in resistant mice than in susceptible mice and that MMPs may facilitate early dissemination of M. tuberculosis and subsequent immunity in the resistant strain, most likely by degrading the lung tissue ECM. The loss of alveolar septa in the resistant mouse strain with the coordinated up regulation of MMPs and chemokine MCP-1 further supports the idea that MMPs contribute to the formation of tight granulomas, mediating tissue remodeling that must occur in order for granulomas to form properly. In fact, granuloma formation was impaired in the MMP-9KO mice due in part to the inability of these mice to recruit macrophages to the lungs. Future studies designed to determine the mechanisms that control MMP production and activation will lend insight into the process of granuloma formation and control of this pathological response, thus leading to better ways of preventing and possibly treating tuberculosis (45) .
